The Newport River Estuary (NPRE), an important North Carolina (NC) shellfish harvesting area, has been experiencing alterations to the land-water interface due to increasing population and coastal development. Water quality degradation in the estuary over the last decade has led to an increase of shellfish harvesting area closures, and has been postulated to be due to non-point source contamination in the form of stormwater. Water samples were taken in the NPRE (n ¼ 179) over a range of weather conditions and all seasons from August 2004 to September 2006. Fecal coliform (FC), as estimated by E. coli (EC), and Enterococcus (ENT) concentrations (MPN per 100 ml) were examined in relation to rainfall levels and distance from land.
the 726 impaired waterbodies in NC, 341 are listed as impaired based upon FC criteria for either recreational contact or use for shellfish harvesting (USEPA 2004) .
The Newport River Estuary (NPRE) is a NC coastal estuarine system (453.25 km 2 ) within the White Oak River Basin (Figure 1 , NCDENR-SSS 2005) . The NPRE is one of the many waterbodies which have been placed on the 303(d) list due to exceedance of the FC standards for shellfish harvesting waters. The degradation of the water quality of the NPRE and subsequent status as an "impaired waterbody" is coincident with increased levels of stormwater runoff due to clearing of land, coastal development, and associated population growth. A reported 13% increase in population from 1990 to 2000 in the NC counties surrounding the NPRE (NCSD 2000) has led to increased levels of anthropogenic influence from coastal development and degraded water quality. Tourism is an additional stressor, as the NC Department of Commerce reported NC 8th in the nation, with coastal activities as a top choice for visiting the state (NCDC 2004) . At a local level, the economy is dependent on the NPRE for recreational use, boating, and commercial and recreational shellfish harvesting (responsible for 3.63% of the total NC shellfish profit ($675,537) from 1996 NCDMF) . Since 1986, the NPRE has experienced a 9% increase in shellfish harvesting area closures with a total of 32.9% of the areal extent of the estuary being closed (Figure 1(b) ; conditionally approvedclosed or prohibited) (NCDENR-SSS, Patricia Fowler pers. communication).
Identifying the cause and understanding the decline of water quality in the NPRE is of fundamental importance, and the microbiological water quality of the NPRE has not been adequately studied. Shellfish harvesting waters are currently managed by determining FC concentrations and by extrapolating weather conditions to establish a classification status (i.e. approved, conditionally approved-open, conditionally approved-closed, prohibited). Generally, a minimum of six sets of samples are collected randomly each year during 'open' status (dry weather or negligible rainfall) and analyzed for FC. Additional sampling efforts are conducted only to reopen shellfish harvesting areas that have been closed due to rainfall and resultant runoff (amounts exceeding 3.81 cm of rainfall occurring within 24 hours). This sampling occurs only when an adequate number of days (3 -5 d) have passed with dry weather to permit the hydrograph of typical storms to return to baseline. Therefore, with the current sampling program, characterization of estuarine water quality following storm events does not occur. Remediation of degraded water quality can only be initiated after sufficient research has been conducted to characterize and quantify the microbial contaminants in the estuary.
The goal of our research has been to conduct an estuary-wide assessment of FIB concentrations and impacts of stormwater runoff on the NPRE. Specifically, our research objectives were to (1) characterize microbial water quality of the entire estuary by enumerating FIB and measuring environmental parameters over a large geographical area, (2) relate FIB findings to rainfall and distance to land to assess the impact of stormwater runoff, and (3) utilize measurements of FIB to begin to identify potential hot spots for future work to determine sources of fecal contamination to the estuary.
MATERIALS AND METHODS

Newport River estuary
The NPRE ( Figure 1 ) is located north of Morehead City and Beaufort and is in an area classified as Area E-4 by NC Department of Environment and Natural Resources-Shellfish Sanitation Section (NCDENR-SSS 2005) . This estuary has an average depth of 1 m and is a well-mixed system with an average residence time of 6 days or 12 tidal cycles, with flushing stemming from the Atlantic Ocean controlled through the Beaufort Inlet (Kirby-Smith & Costlow 1989) .
The surrounding land-uses consist of approximately 45% forestland, 38% wetlands, 9% residential, 5% bays/estuaries, and 3% cropland (NCDENR-SSS 2005) . There are also two point-source discharges (wastewater treatment plants).
Associated with varied land-uses are sources of fecal contamination including wildlife (deer, raccoon, bear, or waterfowl), small farm operations (horse, cow, hog), and agricultural drainage (animal biosolids application). The most likely sources of human contamination are subdivision stormwater runoff, septic tank failure, and treated wastewater from the Morehead City and Newport Wastewater Treatment Plants (NCDENR-SSS 2000 , 2005 .
Sampling locations
Sampling sites were chosen based on existing NCDENR-SSS stations and NCDENR-SSS sanitary surveys (2000) .
Our goal was to select sites that (1) were spatial distributed across the NPRE, (2) were in high priority shellfish harvest areas (i.e. areas where commercial and recreational shellfish harvesting is prevalent), and (3) were proximal to runoff from land. Figure 1(a) shows the location of the sampling sites, while Table 1 describes the sampling sites and the land-use proximal to each site. The distance criteria used for the designation of the "close to land" and "distant from land" sites was , 0.25 km and .0.25 km, respectively.
Sample collection
Between September 2004 and August 2006, a total of 179 surface water samples were collected from the 16 sites listed in Table 1 . Sampling occurred at least three times a season. 
Fecal indicator bacteria analyses
All samples were tested for EC and ENT using the defined substrate technology test kits, Colilert w -18 and Enterolert w (IDEXX w Laboratories, Westbrook, ME). Conversion of positive wells from these tests to a MPN value was conducted following Hurley & Roscoe (1983) . Although literature cites false-positives occurring in tropical and subtropical marine Due to the heterogeneous nature of rainfall in coastal NC, daily rainfall data were collected from three rain gauges, situated for full coverage of the NPRE (Figure 1 ). 
Rain gauge "
RESULTS
Rainfall caused a significant increase in FC concentrations at a rain threshold of 2.54 cm (1.00 in; Figure 2 There was no significant difference between FIB concentrations at those sites close to land (,0.25 km) versus those sites distant from land based upon rainfall (.0.25 km, Figure 3 ). When data was separated according to the general categories of "developed" (residential and industrial, n ¼ 76) and "undeveloped" (forested, n ¼ 103), there was no significant different between FC concentrations (t 177 ¼ 0.763, p . 0.05) (see Table 3 for sites designated as "developed" and "undeveloped"). However, ENT concentrations did reveal significantly higher concentrations in (Table 2) . ENT had a similar positive correlation with turbidity, and negative relationships with salinity and DO. Although temperature was measured (n ¼ 173, range:
9.9 to 32.08C), a large portion of sampling events occurred in the summer months (52.9%) and any observed correlations would be biased. Seasonality was therefore examined, considering temperature to be a major factor.
The analysis showed that FC concentrations were signifi- Environmental parameters were further examined for confounding relationships, and turbidity appeared to be correlated with most other parameters ( higher EC and ENT concentrations as compared to no rainfall (Figures 2 & 3) . Our findings agree with other research reports from coastal NC, which describe the increasing impacts of stormwater runoff in the context of land and hydrological modifications, as well as impervious surface coverage (Mallin et al. 2000; Kirby-Smith & White 2006) . Further evidence demonstrating the impact of stormwater runoff is provided by the significant relationships between FIB concentrations and the freshwater-input related environmental parameters ( (Mallin et al. 2000) . One Florida (FL) study showed similar salinity relationships (Lipp et al. 2001) , while another FL study did not show the same trend (Shibata et al. 2004 ). The contradicting study (Shibata et al. 2004 ) was in a beach location where salinity did not fluctuate with the tides.
In addition to the observed relationship between rainfall and fecal contamination, there were also unexpectedly high concentrations of FIB during periods of negligible rainfall (,0.25 cm (0.10 in), Figures 2 & 3) . This observation indicates a background signal, most likely due to a reservoir population in the sediment, and suggests that FIB may be persisting in the benthos of the NPRE. This phenomenon has been documented in similar sub-tropical and tropical watersheds (Desmarais et al. 2002; Byappanahalli & Fujioka 2004; Shibata et al. 2004; Fries et al. 2008) .
Studies conducted in northern temperate regions also reveal the persistence and survival of EC through freezing winters with subsequent growth in the warmer months (Whitman & Nevers 2003; Ishii et al. 2006; Whitman et al. 2006 used to close shellfish harvesting waters. Our research demonstrates that the current rainfall limit may not be adequately protective of human health, and that a more stringent limit should be considered.
This is the first intensive study conducted on the water quality of the NPRE. Future work will incorporate this data into ongoing modeling efforts intended to assist TMDL development, as well as determine sources of fecal pollution through molecular approaches and sediment studies. Data from the TMDL models are being utilized for the development of probabilistic models of fecal contamination transport. Molecular techniques will be used to identify and quantify human versus non-human sources (Boehm et al. 2003; Noble et al. 2006) . Resulting data will be used to partition the sources of fecal 
